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Abstract
Nowadays the nanotechnology is pushing hard in almost every direction of
the technology. Creating patterns with nanoparticles would be a very useful
technique in order to manipulated nanoparticles. Here comes the motiva-
tion for this project, the possibility to get a faster an easier way to create
layers and patterns using the electrospray technique. The main aim for this
project is the construction of an electrospray system for nanoparticles de-
position and the characterization of the nanoparticle layers deposited with
this system.
The necessary equipment to build the electrospray setup is explained and
the gold and polystyrene nanoparticles from 100 to 630nm are described.
This particles and all the experiments have been characterized with an elec-
tronic microscope (SEM-FIB) equipped with and x-ray EDS system from
the CRNE.
And finally a complete description of the experiments and the layers created
with the different variations of the electrospray setups.
castellano
Hoy en d´ıa, la nanotecnolog´ıa se esta´ expandiendo en todas las vertientes
de la tecnolog´ıa. La creacio´n de patrones de nanopart´ıculas puede llegar a
ser una te´cnica muy u´til para la manipulacio´n de e´stas. De aqu´ı proviene
la motivacio´n para realizar este proyecto: tener la posibildad de encontrar
una forma fa´cil y ra´pida de crear capas y patrones utilizando la te´cnica del
electrospray. El principal objetivo de este proyecto es la construccio´n de una
sistema eficiente para depositar nanopart´ıculas utilizando el electrospray.
En este proyecto se ha explicado el equipo necessario para construir el mon-
tage del electrospray y se han descrito las nanopart´ıculas de oro y polie-
stireno de 100nm a 630nm. Tanto las part´ıculas como los experimentos se
han caracterizado con un microscopio electro´nico (SEM-FIB) equipado con
un sistema EDS de rayos X del centro CRNE.
Finalmente se ha hecho una descripcio´n completa de los experimentos y de
las capas creadas con diferentes variaciones de las condiciones del proceso
del electrospray.
catala`
Avui en dia, la nanotecnologia s’esta` expandint en totes les vessants de
la tecnologia. La creacio´ de patrons de nanopart´ıcules pot esdevenir una
te`cnica molt u´til per a la manipulacio´ d’aquestes. D’aqu´ı prove´ la motivacio´
per a realitzar aquest projecte: tenir la possibilitat de trobar una forma fa`cil
i ra`pida de crear capes i patrons utilitzant la te`cnica de l’electrospray. El
principal objectiu d’aquest projecte e´s la construccio´ d’un sistema eficient
per dipositar nanopart´ıcules mitjanc¸ant l’electrospray.
En aquest projecte s’ha exposat l’equipament necessari per tal construir el
muntatge de l’electrospray i s’han descrit les nanopart´ıclues d’or i poliestire`
de 100nm a 630nm. Tant les part´ıcules com els experiments, s’han carac-
teritzat amb un microscopi electro`nic (SEM-FIB) equipat amb un sistema
EDS de rajos X del centre CRNE.
Finalment s’ha fet una descripcio´ completa dels experiments i de les capes
creades amb diferents variacions de les condicions del proce´s de l’electrospray.
To Gemma for her infinite patience....
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Glossary
MIM Metal Insulator Metal; a combina-
tion of three films two of metal and
one insulator in the middle
SEM Scanning Electron Microscope; also
kmown as electronic microscope,
used to amplify images to higher
resloutions than optical microscopes
FIB Focused Ion Beam; a beam of ions
that can remove material form sam-
ples, dig holes and also could be used
as a microscope
EDS Energy Dispersive Microanalysis; an
analytical technique used for the el-
emental analysis or chemical charac-
terization of a sample
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Aims of the project
Basically the main objective of the project is to build and characterize an Electrospray
particle deposition system with all the necessary parts to create thin films.One of the
future goals (not developed in this project) of the whole system is to make simple
electronic components as capacitors, resistances and so.
Building an Electrospray system will provide a way to develop thin films of diferent
nanoparticles. The films will be characterized using a SEM microscope. The particles
will be deposited starting from liquid based suspensions. These particles will be pumped
to a needle, the needle is connected to a bipolar high voltage power supply ranging from
-15KV to 15KV. This voltage will drive the particles to the substrate by electrostatic
means. The substrate is connected to the opposite side of the power supply.
To reach this objective several preliminary targets have to be accomplished. These
preliminary steps will try to solve all the possible challenges that could be found during
all the start up of the whole system. The main steps could be listed in order of
appearance:
• Main building of the set up (structure, protection walls)
• Wiring of the high voltages connections.
• Choosing the needles sizes, pipes and couplings.
• Testing and selecting the right pumping system
• Producing the substrates in the clean room facilities
• Choosing the right colloids of nanoparticles
• Characterizing the Taylor cone for the different liquids
ix
0. AIMS OF THE PROJECT
• Adapting all the set up inside a globe box
• Characterizing the nanoparticles with SEM
Dividing the project in all these steps helps the starting up of the process, however
some of these steps must be repeated until all the parts of the system fit in.
x
1Introduction
1.1 Nanotechnology and nanoparticles
Nowadays the use of nanoparticles is spreading rapidly. The interest in this field is
common in a lot of different technological careers. There are different ways to approach
the nanoworld. Chemistry and physics are approaching this world from bottom to the
top, in an opposite way electronics and biology are approaching from top to bottom. In
other words nanotechnology is an interdisciplinary field and there are a lot of different
points to start in it.
Possible applications for the nanotechnology are widely spread in all this technolog-
ical careers, some of them involve only one of this careers but most of them touch two
or more application fields. These applications have been introduced in the commercial
world, but there are a lot of concern about the possible problems with human health
and ecosystems. The annual investment in the nanoworld is increasing rapidly and
most of the countries in the industrial world are investing great quantities of money
in nanotechnoloy. Nowadays, nanotechnology is one of the most effervescent fields in
research.
Thin films are layers of any material from few nanometers to some micrometers in
width. They are used as one of the most common process in microelectronics and they
can have some interesting optical properties as well.
Nowadays people are working in ferromagnetic thin films for use as computer mem-
ory, there’s also thin film drug delivery being applied to pharmaceuticals. Ceramic thin
1
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films are widespread and their common application is protecting the substrate of other
materials against corrosion and oxidation.
Figure 1.1: Thin film solar cell - The figure shows flexibility of a thin film solar cell,
taken from ISon21.
In this project the manipulation of micro and nanospheres is being used in order
to make thin films of different materials and characterizing the deposition properties.
Electrospray technique will be used for this purpose (2) (5).
In chapter 1 the electrospray working principle is described and the theoretical
background is explained with the three different parts: the electrospray onset, the
droplet fission and finally the gas-phase ion generation.
In chapter 2 the electrospray equipment is detailed with all the components used
in the construction of the complete electrospray setup. The nanoparticles colloids and
the characteristics of the concentration, size and distribution of the nanoparticles are
also explained.
2
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In chapter 3 all the sample fabrication process steps are described with all the steps
made in the clean room that finally leads to a finished wafer. The cleaning of the wafer,
the spinner, the lithography, the sputtering and the lift-off processes are detailed.
In chapter 4 all the experiments with the different processes of the electrospray
setup are analyzed. The characterization of the jet from different Taylor cones and the
test of the electrospray setup with gold and polystyrene nanoparticles.
In chapter 5 there’s a short description of all the characterization techniques that
are used in this project. The profilometer able to characterize the surface of the samples
and the electronic microscope with the SEM and the FIB options and also the EDS
detector.
1.2 Electrospray theoretical background
Electrospray is a technique that creates a fine atomization of liquids using electrical
forces. With Electrospray and by means of controlling some parameters of the liquid
and modifying the electrical potential it’s possible to make very small droplets, in a
range of several tenths of nanometers. The droplets created by electrospray are ionized
and with the electrical charge it’s possible to control the motion of the droplets. Elec-
trical lenses can be used to control this motion.
In the far 1600 William Gilbert , in his book ”de magneto”***, told about the ex-
istence of meniscus in liquid drops when a piece of amber was close. Later in 1882 Lord
Rayleigh *** also observed the interaction between liquids and electrical field. In 1914,
Zeleny (14) explained a complete description of the droplet fission in electrospray phe-
nomenon. After some time (1964) sir Geoffrey Taylor(12) described the cone formed
in the liquid surface that afterwards gave his name to it (Taylor cone), as shown in fig.
1.2.
Nowadays the electrospray process can be divided into three main phases (8):
• Electrospray onset
• Droplet fission
• Gas-phase ion generation
3
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1.2.1 Electrospray onset
This phase is defined when the cone is ready to eject some liquid. The main equation
that governed the phenomenon is:
Eonset ≈
√
2γ cos θ0
ε0rc
Where γ is the surface tension of the solvent, θ is the half angle of the cone and rc
is the capillarity radius.
Figure 1.2: Taylor cone - The figure shows a Taylor cone formed from a 130um inner
diameter needle and a jet of 4um, picture taken from our lab.
1.2.2 Droplet fission
This process is defined by cyclic subdivision of the first droplets ejected by the Taylor
cone. Droplet fission is driven by the Rayleigh limit. When a limit between the electrical
field and the surface tension is reached the drop breaks into smaller drops. This limit
is defined by:
Q = 8pi
√
ε0R3 (1.1)
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Where Q is the maximum charge of the droplet,γ is the surface tension of the solvent
and R is the radius of the droplet.
1.2.3 Gas-phase ion generation
After some droplet fissions have occurred the sample in the solvent becomes a group of
ions in gas form.This step of the process has two main theories that are trying to explain
the ion generation: the ion evaporation model (IEM) (3) and the charge residue model
(CRM) (1), but it’s not established which of them is predominant in the gas-phase.
The IEM assumes that at some size (radius < 10nm) the field is strong enough to
overcome solvation forces and lifts a solute ion from the surface of the droplet. On the
other side the CRM model assumes that the fission continues and after some cycles of
solvent evaporation and droplet fission finally there will be only ions.
Figure 1.3: IEM and CRM - The figure shows a graphic description of the IEM and
the CRM processes, taken from(8).
1.3 Main applications and basic structure
The main application of Electrospray is mass spectrometry1.4. The first step of mass
spectrometry is an ion source and Electrospray is the most common source with liquid
samples.
5
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Figure 1.4: Mass spectrometer - The figure shows the basic blocks of a mass spec-
trometer and a spectrophotometer, taken from Universidad Nacional Auto´noma de Me´xico
The main structure of an Electrospray is very simple, as shown in the fig.1.5. The
basic parts are:
• The needle or nozzle
• The high voltage power supply
• The pump for the liquid solution connected to the needle
Figure 1.5: Electrospray main structure - The figure shows the basic blocks of an
electrospray system
6
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These are the indispensable parts to build a simple Electrospray. There are a lot of
improvements in order to control and improve the system. The most common are:
• A CCD camera to control the Taylor’s cone function performance.
• A source of light that helps the contrast of the Taylor cone.
• A concentration ring that helps focusing the plume of the spray.
• A globe box in order to control the atmosphere.
• A vacuum chamber.
7
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2Electrospray Equipment and
Nanoparticles
As it was told in the electrospray theoretical background section 1.2, the main parts of
an electrospray equipment are a liquid solution pumped into a capillarity then polarized
with a high tension and finally are sprayed directly to a counter electrode, as shown in
fig. 1.5.
2.1 Electrospray equipment
In the beginning of this project the first electrospray equipment was made from simple
parts. The old system was boxed in metacrylate, as shown in fig. 2.1 in order to
avoid electrical discharges to users. This metacrylate box was built by the clean room
technicians.
Figure 2.1: old metacrylate box - picture taken from our lab.
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The needles were normal hypodermic needles cut with laser as shown in fig2.2. The
main problem with laser cut needles was the non uniformity of the cut.
Figure 2.2: Hypodermic needle - Hypodermic needle cut with the MNT laser, picture
taken from our lab.
There was a peristaltic pump Dynamax Model RP-1 from RAININ Instruments
with normalized pipes and programmable rpm as shown in fig.2.3.This pump has one
some problems with the continuity of the liquids due to the physical shape of the
pumping motor. This shape provides some undesired ripple in the flow.
Figure 2.3: Peristaltic pump - picture taken from our lab.
The connections were handmade and there were leakage problems and unstable
flowing. This unstable flowing affects the formation and stability of the Taylor cone.
With the instability the Taylor cone breaks and some big drops are ejected.
10
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With all this problems there were a lot of steps to improve, the first step was the
pump. Some research was made and, after consulting some equipments that others
research groups were using(6), we finally decide to acquire an infusion pump Perfursor
Space from B BRAUN as shown in fig.2.4.
Figure 2.4: Infusion pump - picture taken from our lab.
This pump solves two problems at same time, the problem of the continuous flow
and the problem of the connections. The pump adapts his pumping arm to the size of
the syringe and this helps the use of syringes with normalized LEUER connectors.
The second step was the problem with the laser cut needles. The solution was
to buy a group of needles KF needles from HAMILTON with normalized sizes and
LEUER connectors.
A CCD camera with long optics must be used in order to characterize the jet
of the electrospray. This optics must be big enough to help record a range of some
micrometers.
Due to the high voltage needed for the experiments (7) (9) (4), the power source
was a 2 channel HV Rack from ULTRAVOLT as shown in fig.2.5 . This power source
was able to give from 0 to 15KV in channel 1 and from o to -15KV in channel 2, but
the maximum current was only 2 mA per channel.
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Figure 2.5: High voltage power source - picture taken from our lab.
2.2 Globe box
After some experiments there was some new problems that came from the surrounding
environment. A lot of dust and undesired particles, as shown in fig.2.6 were found in
the samples during the first photos of the SEM and the high humidity of Barcelona
was a big problem in order to allow the evaporation of all the drops.
Figure 2.6: Undesired particles - The figure shows some undesired particles over the
substrate, taken from CRNE lab.
After checking all the possibilities to solve the problems, the best chance was to
12
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work with an unused old globe box that was in the laboratory as shown in fig.2.7 .
Some repairs with hard photoresists were done in order to avoid air leaks. Also some
adapter holes were made in the rear panel to help the connections of high voltage cables.
The globe box was purged with nitrogen before every experiment and a lot of
nitrogen was wasted. In order to solved this problem a new pair of special softer globes
were bought. Now all the samples ready to electrospray are introduced into the globe
box, the globe box is purged only once and then all the electrospray experiments begin
while checking the humidity. If the humidity grows too much, then the nitrogen purge
is done again. With process it’s possible to save more than 80% of the nitrogen.
Figure 2.7: Glove box - picture taken from our lab.
2.3 Micro and nano beads
There are a lot of different types of micro and nanobeads.Different sizes of gold and
polystyrene nanoparticles were used in all the experiments. All this particles have been
characterized with the SEM microscope of the CRNE laboratory.
13
2. ELECTROSPRAY EQUIPMENT AND NANOPARTICLES
2.3.1 Gold nanoparticles
The two types of bought gold nanoparticles had different properties. The first ones
were from Sigma Aldrich as shown in fig.2.8 , theoretically the nanoparticles were
closer to 100 nm, but they had very different sizes on from each other; they weren’t
monodisperse. Another problem was that most of them were smaller than 100nm, after
some test with the SEM, most of the checked nanoparticles were not bigger than 25
nm.
Figure 2.8: 100nm gold particles - The figure shows some gold particles smaller than
100nm over a Silicon substrate, picture taken from CRNE lab.
The second ones were 250nm gold nanoparticles from micro-nanospheres.com. This
particles were monodisperse and after some test with the SEM, all the particles are
approximately 250nm as shown in fig.2.9.
The main problem of this nanoparticles were the concentration. In the supplier web
page the concentration value was shown in number of particles/ milliliter. After some
simple calculations it was possible to transform this value to milligrams/milliliter.
3, 6x106particles/ml (2.1)
Spherevolume = 6, 54x10−20m3 (2.2)
14
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Sphereweight = 1, 26z10−9mg (2.3)
Concentration = 0, 4547mg/ml (2.4)
With this small concentration was very hard to work in good conditions. This
concentration is about 55 times lower than the polystyrene concentration. That was
the reason why polystyrene nanoparticles were chosen.
Figure 2.9: 250nm gold particles - The figure shows some gold particles over a Silicon
substrate, picture taken from CRNE lab.
2.3.2 Polystyrene nanoparticles
The polystyrene nanoparticles had a higher concentration, all the dissolutions had
25mg/ml.All the polystyrene nanoparticles samples in the laboratory are diluted in
Toluene. The main problem of the toluene and the polystyrene nanoparticles was the
high surface tension of the liquid that makes the process of electrospray more difficult.
The were 3 sizes for the experiments:
• 630nm plain polystyrene nanospheres (old sample).
• 500nm plain polystyrene nanospheres.
• 100nm plain polystyrene nanospheres.
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Comparing with the gold nanoparticles, all these samples were really spherical as
shown in figures 2.10 2.11, but the sizes weren’t exactly as expected. At least all these
samples were monodisperse, with similar sizes.
Figure 2.10: 630nm polystyrene particles - The figure shows one polystyrene particles
bigger than 630nm and a 250nm gold particle over aluminum deposited with sputtering,
picture taken from CRNE lab.
Figure 2.11: 500nm polystyrene particles - The figure shows one polystyrene particles
smaller than 500nm over aluminum deposited with sputtering, picture taken from CRNE
lab.
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There was a need of a patterned defined samples to a have a conducting zone with
the purpose of depositing the particles in the right places, fig.3.1 . These shapes were
designed to check the uniformity of the deposition. In the beginning the connection
pad was designed big because it was connected to a crocodile connector. There were
two sizes of deposition areas with the aim of comparing the results of the spray. In the
future this sizes will be useful in case of electrical characterization.
Figure 3.1: Small substrate - The figure shows a substrate produced in the clean room
facilities, picture taken from our lab.
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3.1 Clean room
Apart from the electrospray equipment and the nanoparticles, some process had to be
done in the clean room facilities in order to make substrates for the experiments. These
substrates were designed to guide the particles to desired places.
The clean room facilities in the UPC university are equipped with all the necessary
equipment to build those substrates as shown in fig.3.2 . There is a Lithography
room, an Ovens room with chemical benches, a Characterization room and finally a
Metalization room. The sample of the electrospray experiment needs: lithography,
metalization, and an oven.
Figure 3.2: Clean room - The figure shows a part of the UPC’s clean room, picture
taken from GDS UPC.
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3.2 Fabrication process steps
In order to avoid dust particles as shown in fig.3.3 , the first thing to do in all clean
room fabrication process is a wafer cleaning. In this sample the cleaning process was
very simple.
• Sink the wafer in a petri full of acetone
• Put the petri into an ultrasonic cleaning bath
• Clean the acetone from the wafer with isopropanol in a new petri
• Clean the wafer with desionizated water
• Blow out the water with nitrogen
• Dry the wafer in an oven
Figure 3.3: Dust particle - A big dust particle over a polystyrene film, taken from
CRNE lab.
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After the cleaning process the fabrication of the sample could begin. From down to
top the process samples fabrication could be divided in six steps, as shown in fig.3.4:
• A) 1,2um photoresist spinning
• B) Lithography and photoresist development
• C) 120nm aluminum sputtering
• D) Lift-off
• E) photoresist spinning
• F) Lithography and photoresist development
Figure 3.4: Fabrication process - The figure shows step by step all the fabrication
process of the samples, taken from our lab.
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3.2.1 Photoresist spinning
The first step of the process was the photoresist film creation. The wafer is attached
to a spinning wheel, as shown in fig.3.5 , and a small quantity of photoresist is thrown
over the wafer. Then the spinning starts and a film is created. The photoresist used in
this sampler fabrication was SPR220-1.2. With this photoresist and with the spinning
recipe it’s possible to get a 1,2um film.
Figure 3.5: Samples spinner - The figure shows sample spinner from the clean room
facilities, picture taken from the clean room.
The next step is to softbake the wafer with the photoresist, the wafer must be over
a hotplate at 115C during 90sec, as shown in fig.3.6 . With all this processes the wafer
is ready to go trough lithography.
Figure 3.6: Hot plater - The figure shows the hot plate from the clean room facilities,
picture taken from the clean room.
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3.2.2 Lithography and photoresist development
The clean room has two mask aligners as shown in fig.3.7. With this machines the
lithography could be done in glass masks or plastic masks. The plastic masks have
lower resolution but for this project was enough. After aligning the mask 3.8 3.9 with
the wafer, the wafer could be exposed.
A positive resist is a type of photoresist in which the portion of the photoresist that
is exposed to light becomes soluble to the photoresist developer. The portion of the
photoresist that is unexposed remains insoluble to the photoresist developer.
Figure 3.7: Mask aligner - The figure shows the mask aligner from the clean room
facilities, picture taken from the clean room.
Figure 3.8: Aluminum mask - The figure shows the aluminum mask used in silicon
wafer or glass substrate, taken from MNT lab.
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Figure 3.9: Isolator mask - The figure shows the isolation mask used in silicon wafer
or glass substrate after the 1st mask, taken from MNT lab.
In every step after the exposition in the lithography machine the photoresist must
be baked again, the post exposition bake.In the PEB the wafer must be over a hotplate
at 115C during 90sec again. Now the photoresist is ready to be developed withMF-24A
Developer in a petri. The wafer must be at least 60 seconds in this petri.
3.2.3 Aluminum sputtering
The sputtering technique(11) is very useful to create metallic thin films. The main
principle is to put the sample in a vacuum chamber, fill this chamber with argon and
finally excite the argon atoms near a solid target from the desired material. The solid
target is being bombarded, some parts of this solid material ejects and goes directly to
the sample. A 120nm aluminum films were made.
The aluminum deposit must be put in the annealing furnace in order to gain some
strength. With this step the metallic thin film is correctly formed.
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3.2.4 Lift-off process
The lift-off technique is very useful in order to avoid wet etching of metals, as shown in
fig3.10 . The main principle is to create a sacrificial layer[II] with an inverse pattern[III],
with this pattern the metal is being deposited[IV] and finally the sacrificial layer is
washed away and the material over the sacrificial layer is lifted-off[V] and washed with
the sacrificial material[VI].
Figure 3.10: Lift-off schematic - The figure shows step by step the lift-off process,
taken from wikipedia.
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After all the fabrication process the main result was a clean finished wafer ready
to cut, as shown in fig.3.11. The wafer was cut into eight pieces. Four of them were
designed with a small deposition pads and the other four were designed with big depo-
sition pad.
Figure 3.11: Finished wafer - The figure shows a full wafer before begin cut, picture
taken from our lab.
3.3 Lift-off properties
The main problem during the fabrication process was the lift-off ears. The lift-off
ears is an undesired metal layer that stands upwards from the surface. This ears are
created when the metal is deposited, and it covers the sidewalls of the photoresist. Also
it’s possible that this ear falls over the surface causing unwanted shapes or unwanted
connections. If the aluminum ears aren’t falling they create a high electrical field that
redirects a lot of particles to this parts of the sample while other parts are left alone
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Some measurements were made with the DEKTAK profilometer to check the real
shape of the surface as shown in fig.3.12 3.14. With this measurements was possible to
check the lift-off process, fig.3.13 .
Figure 3.12: Dektak measurement - The figure shows a measurement of the ears made
with the profilometer, taken from CRNE lab.
Figure 3.13: Aluminum ear - The figure shows the undesired aluminum wall in the end
of the pad, picture taken from CRNE lab.
The main solution to the ears problem was to apply an ultrasonic cleaning bath to
the sample after the lift-off process. After this vibration process, most of the ears fall
down and they can be washed away. The final result was a cleaner sample and the ears
became smaller, as shown in fig. 3.15.
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Figure 3.14: Dektak measurement - The figure shows a measurement of the ears made
with the profilometer after the vibration, taken from CRNE lab.
Figure 3.15: Aluminum without ears - The figure shows an aluminum path smaller
ears marked in green circle, taken from CRNE lab.
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4Electrospray experiments
In this chapter there is a short description of the experiments procedure, a description
of the experiments characterization, some jet characterizations and finally a description
of all the experiments.
The whole process of electrospray had to be tested for each dissolution in order to
get the right values of flow rate, voltage, distance of the needle and inner diameter of the
needle. All the experiments could be done when the right values provide a continuous
and stable Taylor cone. The charged particles tried to follow electrical field, so the
patterned surface with any conducting material will be filled with particles.
The first experiments were to characterize the jet after the Taylor cone. With this
experiments it was possible to check the size of the jet depending on the inner size of the
needle. Then there were some electrospray experiments with gold bead and polystyrene
beads in the metacrylate box. Finally there were some other experiments in a globe
box with a very low humidity.
All the electrospray experiments were allways characterized with:
• A) Distance from the end of the needle to the substrate
• B) Voltage between the needle and the substrate
• C) Type of dissolution
• D) Rate flow
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4.1 Jet characterisation
For the jet characterization some pictures were taken. With these pictures we compare
the size of the outside diameter of the needle (in pixels) with the size of the jet (in
pixels). With known size of the outside diameter of the needle in micrometers was
possible to get an approximated value of the jet in diameters. All the experiments were
done with isopropanol.
There were two different values because there two different needle size with the
HAMILTON normalized needle sizes.The sizes of the needles were 0.97o.d. 0.6id (in
mm) and 0.47od 0.13id (in mm). With this sizes two different jets were formed:
• 4 and 3,8um with the 130um needle. As shown in fig.4.1.
Figure 4.1: Taylor cone and jet - The figure shows the Taylor cone formed in the lab
from the smaller needle, picture taken from our lab.
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• 15,6 and 17um with the 600um needle.As shown in fig.4.2.
Figure 4.2: Taylor cone and jet - The figure shows the Taylor cone formed in the lab
from the bigger needle, picture taken from our lab.
4.2 Electrospray without globe box
After all the test with the jet, some tests were done with the gold and polystyrene parti-
cles. All the electrosprays were done with the metacrylate box and without a controlled
atmosphere. Some problems were found during the tests with gold nanospheres and
some different problems were found during the tests with the polystyrene nanospheres.
4.2.1 Gold beads
The first electrospray of nanospheres was done with the old pump and with the gold
solution mixed with PBS , and all the settings of those experiments were listed bellow:
• 7cm from the needle to the target
• 12Kv from the needle to the substrate
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• Dissolution 1ml of PBS and 200 ul of gold nanospheres
• 0,02 rpm with the peristaltic pump and with a 3,16mm PVC pipe.
Using PBS was in order to make the solution biocompatible, but the main problem of
normal PBS solutions was that most of the formulas use NaCl and after electrospray
some of this NaCl becomes salt crystals, as shown in fig.4.3.
Figure 4.3: NaCl and some gold nanospheres - The figure shows the some gold
nanospheres marked and a big NaCl crystal, taken from CRNE lab.
The second electrospray was done only with the gold nanospheres dissolution and
with the new pump.
• 7cm from the needle to the target
• 6,5Kv from the needle to the substrate
• Dissolution 1ml of gold nanospheres
• 0,02 ml/hour with the infusion pump.
The main problem of electrospray with gold nanospheres was the small concentra-
tion of this nanospheres, as shown in fig.4.4 . With this small concentration it’s very
hard to electrospray a lot of particles, after some tests all the images from the SEM
show that few particles are deposited in the sample. So in the future the experiment
must be done in different conditions in order to get a higher number of particles over
the substrate without bringing to much liquid to the sample.
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Figure 4.4: Electrosprayed 250nm gold particles - The figure shows some electro-
sprayed gold particles over a sputtered aluminum, taken from CRNE lab.
4.2.2 Polyestyrene beads
There were a lot of testing with the old samples of polystyrene nanospheres in toluene,
the main problem was the big surface tension. In order to avoid this problem the
polystyrene nanospheres were mixed with isopropanol on a 50 - 50 proportion. After
testing the solution some problem occurs, as shown in the fig.4.5 .
All the experiments were done with the same conditions:
• 7cm from the needle to the target
• 7,5Kv from the needle to the substrate
• Dissolution 2ml of toluene with 630nm polystyrene nanospheres mixed with iso-
propanol
• 0,1 ml/hour with the infusion pump.
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Figure 4.5: Electrosprayed 630nm polystyrene particles - The figure shows some
electrosprayed polystyrene particles over a sputtered aluminum, taken from CRNE lab.
The problem was that a lot of polystyrene nanospheres were almost melt or decom-
posed, as shown in fig.4.6. One of the possible reason for the nanospheres melting was
the chemical interaction with the isopropanol.
Figure 4.6: Electrosprayed 630nm polystyrene particles - The figure shows some
electrosprayed decomposed polystyrene particles , taken from CRNE lab.
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4.3 Electrospray with globe box
With the new equipment, the test with the globe box began with the polystyrene
nanospheres. The first test done with the same dissolution of toluene and isopropanol
, but with completely different conditions. With out the globe box the humidity of all
the experiments was about 60 to 70%. With the globe box all the experiments could
be done at less than 20% of humidity.
The settings for the new experiments were:
• 10cm from the needle to the target
• 12,5Kv from the needle to the substrate
• Dissolution 2ml of toluene with 630nm polystyrene nanospheres mixed with iso-
propanol
• 0,4 ml/hour with infusion pump.
Figure 4.7: Electrosprayed 630nm polystyrene particles - The figure shows some
electrosprayed decomposed polystyrene particles , taken from CRNE lab.
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Figure 4.8: Electrosprayed 630nm polystyrene particles - The figure shows some
electrosprayed decomposed polystyrene particles , taken from CRNE lab.
With the last images is evident that a big part of the polystyrene was decomposed
and became some sort of organic compound as shown in figures 4.74.8, because in
the SEM images all the organic looks darker. So the solution of toulene mixed with
isopropanol was rejected.
The last experiments were done only with polystyrene particles in toluene. The
Taylor cone was hard to stabilize due to the big surface tension of the solution.When
the correct values are reached the cone became stable and the experiment could began.
The settings for these experiments were:
• 10cm from the needle to the target
• 12,5Kv in the needle and -1,5Kv in the substrate
• 2ml of toluene with 500nm polystyrene nanospheres
• 1,3 ml/hour with infusion pump.
The negative potential in the substrate helps the attraction of the electrospray due
to the floating electric potentials of the surrounding metal parts. The results were more
36
4.3 Electrospray with globe box
organized, as shown in fig.4.9 .
Figure 4.9: Electrosprayed 500nm polystyrene particles - The figure shows some
electrosprayed polystyrene particles, taken from CRNE lab.
This particle distribution was suitable for thickness characterization. With the
FIB in drilll mode, some holes were made in order to get a good cross section of the
polystyrene layers, as shown in fig. 4.10 .
Figure 4.10: Electrosprayed 500nm polystyrene particles - The figure shows a
hole in the layers of electrosprayed polystyrene particles, taken from CRNE lab.
In the first hole and with the last figures point of view it wasn’t possible to reach
the bottom of the layers. A second hole, closer to the first one, was done, as shown in
fig.4.11 . With this second hole the bottom was reached.
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Figure 4.11: Electrosprayed 500nm polystyrene particles - The figure shows two
holes in the layers of electrosprayed polystyrene particles, taken from CRNE lab.
In order to get a good point of view, the sample was tilted inside the electronic
microscope, as shown in fig.4.12 . With this movement was necessary correct the
deformation effects of the new point of view before characterizing.
Figure 4.12: Electrosprayed 500nm polystyrene particles - The figure shows the
thickness the layers of electrosprayed polystyrene particles, the tilt option is marked in
green, taken from CRNE lab.
With a closer view of the cut it was possible to see the silicon layer, the aluminum
layer and over all this layer a group of polystyrene layers formed by nanoparticles, as
shown in fig.4.13 .
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Figure 4.13: Electrosprayed 500nm polystyrene particles - The figure shows the
thickness the aluminium layer marked in green and electrosprayed polystyrene particles,
taken from CRNE lab.
Finally, a top view of the sample shows a good organization of the polystyrene
nanospheres, as shown in fig.4.14 .
Figure 4.14: Electrosprayed 500nm polystyrene particles - The figure shows the
top layer of the electrosprayed polystyrene particles, taken from CRNE lab.
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5Characterization
5.1 SEM
The acronym stands for scanning electron microscope. Basically, the sample is being
bombarded with high energy electrons in a raster scan pattern with aim of producing
signals from the sample like: electrons, x-rays and light . This signals contain informa-
tion about the sample surface topology, composition and other properties. The SEM
microscope have a large depth field that brings a characteristic three-dimensional ap-
pearence useful for understanding the surface structure of a sample, as shown in fig.5.1
. The maximum achievable resolution with the CRNE SEM 5.2 is around 10nm.
Figure 5.1: SEM microscope - The figure shows pollen grains in a SEM microscope,
taken from wikipedia.
For conventional imaging in the SEM, samples must be electrically conductive, at
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least at the surface, and electrically grounded to prevent the accumulation of electro-
static charge at the surface. Due to this property, the polystyrene nanoparticles had
been covered with a 5nm carbon layer in an evaporation chamber.
Figure 5.2: CRNE SEM microscope - The figure shows the SEM microscope of the
CRNE laboratory, picture taken from the CRNE lab.
5.2 FIB
Focused Ion Beam is a scientific instrument that resembles a scanning electron micro-
scope. However, while the SEM uses a focused beam of electrons, a FIB instead uses
a focused beam of ions, normally gallium ions. The FIB could be used for analysis,
deposition and ablation of materials.
The CRNE microscope 5.2 is a SEM-FIB dual microscope, it’s very useful because
it’s able to view the sample’s image while the FIB is micromachining a hole in the
sample.
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5.3 EDS
Energy-dispersive X-ray spectroscopy is an analytical technique used to detect the
elements of the sample.The emission of X-rays is stimualate by a high-energy beam of
electrons. At rest, the electrons of the atoms from the sample are in discrete energy
levels bound to nucleus. The beam may excite on of this electrons ejecting it from the
inner shell while creating an electron-hole pair. An electron form an outer high-energy
shell fills the hole, and the difference of energy may be released in form of X-ray, as
shown in fig.5.3. The energy of this X-ray is characteristic from this difference of energy.
Figure 5.3: Principle of EDS - The figure shows the principle of the X-ray generation,
picture taken from wikipedia.
With this technique it was possible to check if the things that we see in the SEM
were really gold, as shown in fig.5.45.5 . The SEM could be focused into a particle and
the INCA EDS system gave the spectrum of the X-ray emitted by the sample, mainly
golds. There was also some silicon from the substrate.
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Figure 5.4: Gold particle - The figure shows a particle and the position that was focused
to check with the EDS, taken from the CRNE lab.
Figure 5.5: X-ray energy spectrum - The figure shows the spectrum received from
the focused point and the elements of the sample, taken from the CRNE lab.
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During the project we have achieved all the aims exposed in the begging of the project.
The whole electrospray setup was mounted and was improved sorting the main chal-
lenges that appeared. The peristaltic pump was changed by a new infusion pump, the
needles were changed by smaller needles and all the system was mounted inside a globe
box with nitrogen.
Taylor cones were observed and jets were characterized with the CCD camera. Gold
and polystyrene nanoparticles were characterized before performing the electrospray
experiments in order to check the properties of the particles. Some different type of
substrates(glass and silicon) were.
Finally, some electrospray deposition experiments were done. All this experiments
were characterized with the SEM microscope. When the films where formed, some holes
were done in order to characterize the thickness and the organization of the nanopar-
ticles in this films.
One of the main conclusions of the whole project is that the electrospray is an
easy process that could be mounted without great investment. A simple version of
an electrospray system could also be a DIY(do it yourself) process. One of the main
challenges is to control the quantity of material and the organization of this material.
This project is promising because, as our knowledge, is the first time that electro-
spray of polystyrene nanoparticles have been used to create thin films.
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In the future, our plan is to continue developing the system in order to build capac-
itors, resistances and other components. Our next step will be the characterization of
the electrospray thickness modifying the time, the flow rate and other variables of the
experiment. Another future line of investigation of this project will be the modification
of the solvent properties in order to improve the stability of the Taylor cone formation.
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As a result of some work done in this project there’s an accepted conference in November
2010:
• Simulation of Photonic Crystals Particle Filling By Electrospray Ionization Paris
COMSOL conference 2010
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